The toxicity of dissolved cadmium to a variety of marine animals has been found to be related to salinity, with decreased toxicity observed at higher salinities. Recent data from our laboratory have demonstrated that the toxicity of cadmium to estuarine shrimp and larval fish is a function of free cadmium ion concentration, which in turn is controlled by the chloride concentration of the water. As the chloride concentration (i.e., salinity of the water) increases, the concentration of free cadmium ion decreases relative to total dissolved metal, due to its complexation with chloride ions. These observations have been given further support by measurements involving the uptake of II"5"'Cd by shrimp which showed that accumulation of "5"'Cd and chloride concentration also are inversely related.
Introduction
In recent years, it has become evident that in order to understand the impact of anthropogenic additions of trace metals to the aquatic environment, it is of prime importance to also understand the chemical and physiological processes which control the accumulation of these metals by organisms. Cadmium is of importance because of its use in various industrial processes and as a byproduct of zinc mining. Both of these types of activities have resulted in elevated concentrations both in saline waters and in marine organisms. In order to better understand the potential effects of cadmium on marine organisms, our discussions will be based on an understanding of the chemistry of cadmium in saline media. The discussions will center upon the chemical speciation of cadmium; how speciation is related to bioavailability, and toxicity; and some of the physiological and biochemical responses of oysters to accumulated cadmium.
Chemical Speciation
In the past, accumulation and toxicity investigations on cadmium have been conducted with little attention to the chemical form of the metal in the experimental media. This lack of regard for the chemistry of cadmium may be the source for much of the variability in the data published on cadmium toxicity to estuarine and marine organisms (Table  1) . Thus, it seems reasonable that before we can understand the effects of cadmium on marine organisms, we must understand its chemistry in natural waters, including the effect of environmental factors on chemical form.
Recently information has been obtained which indicates that the toxicity of copper and cadmium in water is dependent upon the concentration of the free metal ion in the medium. Sunda and Guillard (I) and Anderson and Morel (2) demonstrated that cupric ion activity, rather than the concentration of total dissolved copper, was the causative agent in copper toxicity to algae. Similar results concerning copper toxicity on the freshwater cladoceran, Daphnia magna, have been published by Andrew, Biesinger, and Glass (3) and for cadmium and the grass shrimp, Palaemonetes pugio (4). These experiments used both organic and inorganic ligands to control the activities of cupric and cadmium ion in the test media. Thus, it appears that in many instances trace metal availability and toxicity is a function of free metal ion whose concentration may be significantly less than the total dissolved metal concentrations, depending upon the level of complexation. by chloride ion (Fig. 1) 
Toxicity of Cadmium tanding of the relationship between cadmium
Data on the toxicity of cadmium to aquatic orlability (free ion versus total dissolved metal) ganisms indicates that freshwater organisms are toxicity (4), The measurements of cadmium ion more sensitive to cadmium than are marine or-,entrations were made at constant dissolved ganisms (7, 8) trating high levels of cadmium (17, /9), and whole body concentrations about 100 ppm wet weight were fatal (21).
To gain further insight into the effect of salinity on cadmium availability, experiments were conducted with 15 ,nCd to test the effect of salinity on rates of cadmium accumulation. The organism used in these experiments was the grass shrimp, Palaemonetes pugio, which were exposed to "151'Cd for four days in water of 5, 10, 20, and 30 %O . The uptake by the shrimp was inversely related to salinity (Fig. 4) . The pattern follows the model of free ion concentration shown in Figure 1; i.e., at constant total cadmium, as the salinity increases the concentration of free cadmium ion decreased. Even though the time period allowed for uptake of "1511,Cd from the water was short, it was equivalent to the period previously used for the toxicity tests (4) .
Preliminary investigations with the accumulation of cadmium by the oyster, have shown that it was necessary to allow exposed oysters 24 hr in flowing seawater to clear the mantle cavity and gut before metal concentrations were measured. This period of flushing allowed the oyster to depurate cadmium which was not biologically incorporated. Qualitative information on the distribution of cadmium on the mantle has been obtained from oysters exposed to 0.1 ppm cadmium for 14 days and then flushed for 24 hr in clean water. By scanning freeze-dried mantle tissue with a PIXEA (proton-induced x-ray emission analysis) unit, the concentrations of cadmium on the surface of the tissue were shown to increase as the scan moved toward the mouth from the outer edge (Fig. 5) . This scintillation counter. This technique gave reproducible counting geometry. The uptake of the "5111Cd by the oysters as a function of salinity follows a similar pattern, as was observed for the grass shrimp (Fig. 6) . A major difference is that the exposure period was continued for a long enough time, 7 days, so that maximum uptake occurred at a salinity of 10 %C . The mortality of oysters at 10 %o probably was caused by the toxic effect of cadmium, because the total cadmium concentration was -1.0 ppm in each exposure tank. This concentration of stable cadmium was the result of cadmium "carrier" in the isotope stock, rather than from an added spike of cadmium. While this level is not toxic at 20 or 30 Yco, it apparently was at 10 5%o due to the greater availability of free cadmium ion.
Both of the experiments help explain the environmental observation that organisms collected along a salinity gradient down an estuary toward the ocean have decreased levels of cadmium as the salinity increased (18, 22) . Such observations fit the model of increased cadmium availability with decreased salinity. All of the accumulation data which have been collected thus far have involved only uptake from the water, but other patterns could develop if the primary source of the metal was from food. This is an area which should receive extensive research in the future.
Physiological Effects
Effects of cadmium on the physiological balance of marine organisms have been demonstrated by February 1979 0 CÑ numerous investigators (17, (24) (25) (26) (27) . However, the following discussion will be confined to the mollusks, more particularly to results of our investigations with the American oyster, Crassostrea virginica.
The oysters used in these investigations were exposed to cadmium in a flowing water exposure system for 14 days (17) . The concentrations of cadmium which were used were 0.1, 0.3, and 0.6 ppm cadmium in 3.0-3.4% seawater, which corresponds to p[Cd2+] levels of from 7.4 to 6.7. Measurements of oxygen consumption rates were made on excised gill section using a differential respirometer. Measurements of total cadmium were made on the same tissue sections as used for respiration determinations. The tissues were wet ashed in concentrated HNO3 and analyzed by atomic absorption spectrophotometry.
The rate of accumulation of cadmium by the gills .~1.6- of exposed oysters was both concentration-and time-dependent (Fig. 7) . Cadmium uptake by the gill tissue was found to level off at about 11 days in the oysters exposed to 0.6 and 0.3 ppm cadmium. Accumulation of cadmium at 0.1 ppm was virtually linear through day 14, and there were significant differences between the rates of uptake of cadmium at 0.6 and 0.3 ppm and 0.1 ppm. Also, there were mortalities among the oysters exposed to either 0.3 and 0.6 ppm cadmium by day 14, but no mortalities occurred among those exposed to 0.1 ppm cadmium or the controls. Oxygen consumption of oyster gill tissue was affected by the accumulated cadmium after about 7 days, when the animals were stressed (Fig. 8) . These data have been recalculated (17) for the purpose of showing the possible relationship between oxygen consumption and the accumulated metal. Since all of these measurements were not done at the same time, it is difficult to make any hard comparisons, but from the experiments at 0.3 and 0.6 ppm cadmium there appears to be an upper cadmium tissue concentration above which the animal can not metabolically control. Such speculation is supported by Shuster and Pringle (23) , who demonstrated that at body burden of about 100 ppm cadmium wet weight of oysters were killed, and that the maximum concentration in the oyster was independent of dose rate. Thus, apparently the detoxification system for cadmium in oysters must have some The capacity of marine organisms to detoxify materials which have been accumulated should be of selective advantage. Ridlington and Fowler (28) have already demonstrated the oyster posseses a possible detoxification system for cadmium in the form of a low molecular weight metal-binding protein. Cadmium binding proteins have been isolated from other marine organisms, primarily fish and seals (29, 30) . The oyster cadmium-selective protein has a molecular weight of about 7400 and has high concentrations of dicarboxylic amino acids relative to cysteine (31) . Therefore, the chelation of the cadmium may be through the carboxyl groups rather than the sulfhydrals as in vertebrate metallothioneins. Further examinations of the oyster protein indicate that there is an upper limit beyond which the oyster cannot sequester and thereby detoxify the accumulated cadmium (Fig. 9) . This phenomenon can be explained by the spill-over of cadmium into the higher molecular weight fraction in oysters exposed to 0.6 ppm cadmium for 7 days. Such an ill-defined pattern indicates that all the available protein has combined with cadmium, and that additional metal will complex with sensitive sites on membranes or enzyme molecules. Whether the cadmium selective protein is produced de novo, or whether the protein is simply activated by the presence of the metal is unknown. The first option is the more attractive but it is very difficult to prove, due to technical problems in measuring protein synthesis in a bivalve mollusk. However, from a evolutionary standpoint, an inducible gene to produce a detoxifying protein would be of selective advantage. Further investigations are currently in progress to examine other factors which may influence the uptake and toxicity of cadmium in the marine environment.
